Ischemic stroke is a complex brain injury caused by a thrombus or embolus obstructing blood flow to parts of the brain. This leads to deprivation of oxygen and glucose, which causes energy failure and neuronal death. After an ischemic stroke insult, astrocytes become reactive and proliferate around the injury site as it develops. Under this scenario, it is difficult to study the specific contribution of astrocytes to the brain region exposed to ischemia. Therefore, this article introduces a methodology to study primary astrocyte reactivity and proliferation under an in vitro model of an ischemia-like environment, called oxygen glucose deprivation (OGD). Astrocytes were isolated from 1-4 day-old neonatal rats and the number of non-specific astrocytic cells was assessed using astrocyte selective marker Glial Fibrillary Acidic Protein (GFAP) and nuclear staining. The period in which astrocytes are subjected to the OGD condition can be customized, as well as the percentage of oxygen they are exposed to. This flexibility allows scientists to characterize the duration of the ischemic-like condition in different groups of cells in vitro. This article discusses the timeframes of OGD that induce astrocyte reactivity, hypertrophic morphology, and proliferation as measured by immunofluorescence using Proliferating Cell Nuclear Antigen (PCNA). Besides proliferation, astrocytes undergo energy and oxidative stress, and respond to OGD by releasing soluble factors into the cell medium. This medium can be collected and used to analyze the effects of molecules released by astrocytes in primary neuronal cultures without cell-to-cell interaction. In summary, this primary cell culture model can be efficiently used to understand the role of isolated astrocytes upon injury.
Introduction
Stroke is defined as "an acute neurological dysfunction of vascular origin with either sudden or rapid development of symptoms and signs, corresponding to the involvement of focal areas in the brain" 1, 2 . There are two types of stroke: hemorrhagic and ischemic. When vascular dysfunction is caused either by an aneurysm or an arteriovenous malfunction, accompanied by weakening with posterior rupture of an artery, this is termed hemorrhagic stroke 3 which, in most cases, leads to death. When a thrombus or an embolus obstructs blood flow, causing a temporary deprivation of oxygen and glucose to a brain region, it is called ischemic stroke 4 . Failure to nourish cells around the affected area or ischemic core leads to a homeostatic and metabolic imbalance, energetic dysfunction, neuronal death, and inflammation 5 , which can induce a life-long disability for patients 6 .
Ischemic stroke is a multifactorial injury involving several types of cells that react and exert their effects at different time points. Many interactions create a difficult environment to study the behavior of individual cells. So, how do we study the contribution of a specific cell type under such a complex environment? An accepted in vitro model of ischemia consists of exposing cells to oxygen and glucose deprivation (OGD), for a certain period, followed by the restoration of cells to a normoxic environment. This system simulates an ischemic stroke followed by blood reperfusion. In this method, cells or tissues are exposed to a glucose-free media in an environment purged of oxygen, using a specialized hypoxic chamber. The OGD incubation time can vary from a few minutes up to 24 h, depending on the hypothesis that wants to be tested. Studies have shown that depending on the times of OGD and normoxic environment, specific phenotypes of stroke (i.e., acute or subchronic) can be achieved. Primary isolated astrocytes, exposed to OGD with posterior restoration to normoxic conditions, is a well-studied cellular model to mimic stroke in vitro 7 . Using OGD is possible to reveal the independent molecular mechanisms of isolated cells under a stroke-like environment.
As our knowledge of astrocyte biology increases, it has become evident that they are crucial for maintaining synapses and sustaining neural repair, development, and plasticity 8 . Under normal conditions, astrocytes release and respond to cytokines, chemokines, growth factors and gliotransmitters, keeping metabolic balance and homeostasis within synapses . One of the initial functions of this scar is to limit the immune cell extravasation from this area. However, studies have shown that the scar becomes a physical impediment for axons to extend, as they release molecules inhibiting axonal growth, and create a physical barrier preventing axons from extending around the injured area 16 . Nevertheless, there is scientific evidence showing that after a spinal cord injury, completely preventing glial scar formation can impair the regeneration of axons 17 . Thus, the context in which the specific astrocytic response is measured, must be considered upon the framework of the injury studied.
The presented methodology can be applied to study the individualized function of astrocytes after oxygen glucose deprivation and it can be modified depending on the questions that the investigator wants to answer. For example, besides the morphological change and the markers expressed at different OGD times, the supernatants from astrocytes exposed to OGD can be further analyzed to identify soluble factors released by these cells, or used as a conditioned media to assess its effect in other brain cells. This approach enables studies on astrocyte reactivity that could lead to the elucidation of the factors that govern and modulate their response in an ischemic-stroke scenario.
2. Place the bag into the homogenizer blender, leaving approximately 2 cm of the bag visible above the closed door. The cell dissociation is done during 2.5 min at high speed. Note: Alternatively, this can be done by closing the bag and gently pounding it with a beaker in the hood. Make sure to use a cloth in between the bag and beaker to avoid friction. 3. Pour the cell suspension into a number 60 mesh sieve and then pour the filtered flow through onto the number 100 sieve, allowing it to filter by gravity. 4. Using 15 mL tubes, centrifuge the cell suspension at 200 x g in a clinical centrifuge (preferably swing bucket rotor) for 5 min. 5. Pour off the supernatant in a beaker, then using a serological pipette, re-suspend and dissociate the pellet of cells in a maximum of 5 mL of media.
3. Cell counting 1. With a micropipette, collect 100 µL of cell suspension in a 1.5 mL microcentrifuge tube and add 100 µL of trypan blue. 2. Insert 10 µL of the collected suspension in the hemocytometer and count all the cells that are viable in the four corners of the square. 3. The formulae for calculating the density of the cells before preparing the flasks are:
4. Add at least 500,000 cells per 25 cm 2 flask. Pipette up to 5 mL of DMEM into each flask. The mixture should not reach the neck of the flask. Place them in a 37 °C incubator at 5% CO 2, for 3 days, then change the media.
4. Astrocyte purification techniques: media change, mechanical, and chemical strategies Note: The metabolic rate of astrocytes is high compared to other cell types, therefore, in nutritionally deprived conditions, these cells show low survival rates after a few days. Unlike astrocytes, microglia are not affected by nutritional deprivation and proliferate in such environments 18 . To maintain a reduced number of microglial cells, the authors change the astroglial cell culture media every 3 days. This constant change in cell media will also decrease the microglial population that can grow on top of the astrocytic cell monolayer in the flask µM of the antimitotic compound Arabinose cytosine (Ara-C) in DMEM for 5 days (change to fresh Ara-C in DMEM daily). Note: The time point to add Ara-C is critical since this compound is an antimitotic drug, that reduces the number of rapidly-dividing cells such as microglia 19, 25 and fibroblasts 26 . In contrast to microglia, when confluent, astrocytes stop proliferating via contact inhibition 27 . 7. Allow 2 days for cells to recover from Ara-C treatment. 8. To further reduce the microglial contamination, after cells reach confluency, use 50 mM of L-leucine methyl ester (LME) in DMEM fixed at pH 7.4, for 1 h at 37 ˚C. Note: LME crosses the membrane of cells and organelles, and after being hydrolyzed, the L-leucine produced accumulates in the lysosomes of these cells. The accumulation of this amino acid leads to an osmotic swelling and rupture of lysosomes 28, 29 . LME is highly effective at eliminating microglia, compared to other cells 20, 30 . 3. Seeding astrocytes 1. After treating the primary astrocytes with trypsin (refer to 4.2), collect 100 μL of cell suspension in a 1.5 mL microcentrifuge tube and add 100 μL of 0.5% trypan blue. 2. Add 10 μL of the collected suspension in trypan blue to the hemocytometer and count all the cells that are viable. 3. Use the formulae in step 3.3 to calculate the density of the cells before preparing the flasks. 4. Prepare the multi-well dishes by adding one sterile, poly-D-Lysine coated coverslip to each well. Pipette the 50,000 cells and fill the rest of the volume in each multi-well dish with fresh medium (approximately 2 mL). 5. Place the multi-well dishes into the 37 ˚C incubator at 5% CO 2 and, after 5-7 days, astrocytes may grow and cover the entire surface of the coverslips.
Cultivating Astrocytes in 6-Well Plates

OGD Protocol for Primary Astrocytes
1. OGD medium preparation 1. Supplement Dulbecco's modified Eagle's medium-free glucose with 3.7 g/L sodium bicarbonate, and 1% Penicillin/Streptomycin. See materials in Table 4 . 2. Purge 20 mL of the glucose free medium by bubbling with 95% N 2 /5% CO 2 for 10 min at a flow of 15 L/min (indicated with the flow meter) by inserting a serological pipette to the gas system in the medium. Note: After purging the medium of oxygen, adjust the pH at 7.4 (refer to note on step 2.1). 3. Filter the purged glucose-free medium using a 50 mL tube filter system. Note: Make fresh OGD medium for every experiment, bubbling with 95% N 2 /5% CO 2 before using, to ensure that cells are exposed to an environment purged of oxygen.
2. Experimental procedure 1. Inside the tissue culture hood, remove astrocyte media from previously prepared coverslips (refer to step 4.3.5) and wash with cellular PBS twice to remove any glucose on the cells. 2. Add 2 mL of the OGD media to each well and place the multi-well dishes inside the hypoxia chamber with their lids off. 3. Connect the gas mixture to the entrance valve and leave the exit valve open. Flush the chamber with the gas mixture of 95% N 2 /5% CO 2 , at 15 L/min for 5 min. 4. Stop the gas flow, and first close the clamp on the exit valve, then close the clamp on the gas entrance valve tubing.
Note: Ensure there is no gas leakage by covering the seal of the chamber with soapy water. If the seal is secure, no bubbles should form. 5. Place the entire chamber into the cell culture incubator at 37 °C for 1 h or 6 h in OGD. 6. After incubation time is over, aspirate the OGD media and carefully pipet 2 mL of complete DMEM to each 4.67 cm 2 well for the normoxic process 24 h.
Protocol for Primary Astrocyte Immunofluorescence Preparation
Note: To assess astrocyte purity, different brain cell types such as neurons, microglia, and oligodendrocytes can be detected by immunofluorescence using different cell markers. Proliferation markers, PCNA, and propidium iodide (PI) can be used on primary astrocytes exposed to OGD followed by normoxic conditions. See materials in Table of Materials.
Representative Results
One of the main concerns of primary astrocytic culture is the presence of other cells such as neurons, oligodendrocytes, fibroblasts, and microglia. In Figure 1 , isolated cells from rat cortices had media changes every 3 days and were either untreated or treated with added LME for 1 h. 24 h later, cells were immunostained for GFAP and counterstained with DAPI. Untreated cells showed an average of 39% non-GFAP positive cells, while LME-treated cells showed 8%. These results show how LME treatment and media change effectively decreased non-GFAP positive cells by 4.75 fold, producing an enriched-astrocyte culture. To determine if 1 h or 6 h OGD affects astrocyte viability after this methodology, Figure 2 shows an MTT assay of astrocyte cultures, 24 h after the insult. No significant difference in viability was found in any condition, showing that both times can be used to study astrocyte reactivity. Cell proliferation is one of the effects triggered by OGD in astrocytes. Proliferating cell nuclear antigen (PCNA) in Figure 3 increased from 10% in normoxic cells, to 30% after 1 h OGD, showing the expected in vivo astrocytic response 15 . Finally, astrocytes were exposed to 6 h of OGD followed by 24 h normoxic conditions. After this period of time, immunofluorescence against GFAP was performed. OGD-exposed cells were compared to astrocytes under normoxic conditions. Astrocytes without OGD show the traditional stellate morphology (Figure 4A ) while cells that underwent OGD clearly present the characteristic hypertrophy of reactive astrocytes ( Figure 4B ). This hypertrophy can be visualized in the corresponding differential interference contrast (DIC) image of cortical rat astrocytes under normoxic and OGD conditions ( Figure 5 ). Astrocytes were cultured in 96-well plates and exposed to either normoxic, 1 h OGD, or 6 h OGD conditions. After treatment, cells were added to normoxic media for 24 h and viability was measured using MTT assay. Absorbance at 570 nm shows the cell viability of OGD-exposed cells in culture when compared to cells in normoxic conditions. Data was analyzed with one-way ANOVA (p=0.9669) and presented with error bars that represent the mean with SEM. Please click here to view a larger version of this figure. 
Purpose
Antibody/Marker Description
Discussion
This protocol describes the isolation of astrocytes from rat cortices. In this method, it is critical to decrease contamination with other cellular types such as microglia, oligodendrocytes, and fibroblasts. To reduce the number of microglia, several steps can be taken: changing the media, orbital shaking, and chemical treatments. Once culture purity is confirmed by immunofluorescence using selective cellular markers or for the most prominent cell contaminants, experiments can be performed. For instance, antibody against ionized calcium binding adaptor molecule 1 (Iba-1) can be used to detect microglia. Neuronal death starts early in the culture and these cells are eliminated together with oligodendrocyte precursor cells (OPCs) after flask tapping and media change at day 3 31 . Oligodendrocytic precursor cells can be identified using antibodies such as olig2 or NG2. GalC can be used to identify immature or mature oligodendrocytes, but at this culture stage these are unlikely to be found. Alternatively, non-GFAP positive cells can be quantified and contaminants can be estimated. This last methodology does not discern between the specific cells, but will be a faster and more economic methodology to determine the percentage of non-astrocytic cells in the culture.
. In our methodology, we use the bubbling method to purge oxygen with nitrogen gas (95% N 2 , 5% CO 2 ) into the glucose-free media at a flow rate of 15 L/min, for 10 min, for a total volume of 0.025 L. To confirm that the oxygen is purged, we measured the oxygen concentration remaining in the media by using an oxygen meter for liquids and air. The oxygen concentration remaining in the media after purging for 10 min decreased from 7.9 mg/L to 0.3 mg/L. To determine how long the chamber must be purged to replace oxygen, purging with N 2 was performed using no less than the chamber manufacturer's suggestion (20 L/min, 2-5 min). After 5 min of purging at 15 L/min, the oxygen concentration remaining in the chamber was 0%. Other methodologies using similar chambers have purged at an 8-20 L/min flow rate, and times of 5-10 min to substitute air oxygen with nitrogen 33, 34 .
Like other cellular models, the OGD has limitations and results should be interpreted carefully. The OGD can be harmful to neurons, however, astrocytes can withstand these conditions for up to 24 h 35 . Another limitation is that astrocytes are isolated in this system, lacking signaling from other cells. One way to overcome this limitation is to use conditioned media from other cells under the same ischemic-like conditions. Alternatively, cytokines or other factors can be added to the media after OGD 36 .
An alternative method to study the effects of energy deficiency in cells, is to add ouabain to the media. This compound mainly inhibits the sodium/potassium pump, which depletes the intracellular production of ATP, similar to the effects of OGD 37, 38 . However, this method has the disadvantage that all its mechanisms are not fully understood and it induces off-target effects, which introduces variables which constitute an unrealistic ischemic stroke scenario.
In summary, the OGD method is an isolated cell system which allows us to directly test the effects of different astrocytic drug targets in vitro that could further contribute to neuroprotection. It also provides a tool to study basic astrocyte biology. This model can create a strong basis of evidence to justify experimental conditions for the development of drugs using an in vivo model of stroke.
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